The enhanced optical near field from a bowtie aperture in an aluminum film is experimentally demonstrated using near-field scanning optical microscopy. The full width half magnitude near-field optical spot is determined to be about 65ϫ 34 nm 2 by 458 nm argon ion laser illumination, which is seven times smaller than those obtained from square and rectangular apertures of the same opening area. Light concentration and transmission enhancement of bowtie apertures promise a highly efficient nanoscale light source for near-field optical applications. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2194013͔
The ability to confine light to a nanometer-scale spot of high intensity is of great interest to the study of light interaction with biological materials 1,2 and nanostructures, 3, 4 as well as potential applications such as high density data storage 5 and nanolithography. 6, 7 A sharp metal tip can result in a strongly enhanced field at its apex using either an asymmetrical metal tip 2 or on-axis illumination. 8 Squeezing light through a nanometer-sized aperture in an opaque screen, on the other hand, offers a convenient way to achieve nanometer-scale light source. However, if not properly designed, the aperture experiences extremely low light transmission 9 because of the waveguide cutoff effect. The enhancement of optical transmission through subwavelength apertures has been recently demonstrated using a hole array, 10 a single hole surrounded by periodic structures 11 via the excitation of surface plasmon polaritons ͑SPPs͒, scatterer-formed aperture 12 via localized surface plasmon ͑LSP͒, and ridge apertures [13] [14] [15] [16] [17] via waveguide propagation mode. In an earlier work, computational results for bowtie apertures showed that potentially they can provide a confined nanometer-scale light spot and high intensity benefiting from the specially designed geometry. 18 A bowtie aperture is the complement of a bowtie antenna as shown in Fig. 1͑a͒ . Both of these consist of two arms and a small gap formed by two sharp tips pointing to each other. The bowtie antenna was proposed in the microwave regime as an efficient near-field probe 19 and was recently configured for applications at optical frequencies. 4, 20 Radiation enhancement of the bowtie antennas was demonstrated using the method of photoluminescence of single quantum emitters 4 and two-photon excited photoluminescence of noble metals 20 in order to shift the bowtie radiation frequency from the excitation frequency. A bowtie aperture, on the other hand, has the advantage of blocking the background light; therefore it is best suited in the confinement of incident light with long cutoff wavelength, which is desirable for high density nearfield recording, high throughput nanolithography, or other high efficiency near-field optical applications.
In this letter, we provide experimental evidence of the enhanced nanoscale optical near field from a bowtie aperture fabricated in an aluminum film. The transmitted light through the bowtie aperture and regular apertures ͑square and rectangular͒ of the same area for the opening is measured using specially designed near-field scanning optical microscopy 21 ͑NSOM͒ with a sub-50-nm aperture probe. The bowtie aperture results in a substantially smaller near-field light spot than the common apertures while having transmission efficiency five orders of magnitude higher than the smallest regular nanoaperture designed to produce a nearfield spot of comparable size. Using finite difference time domain ͑FDTD͒ calculations, the enhanced nanoscale optical transmission through the bowtie aperture is explained as the result of the greatly induced electric fields at its tips coupled through the propagating waveguide mode in the gap.
The bowtie aperture for 458 nm wavelength argon ion laser illumination is designed using FDTD calculations, following the procedures outlined in Ref. 22 . Focused ion beam ͑FIB͒ milling is used to fabricate the bowtie aperture and square or rectangular apertures in an aluminum thin film on a quartz substrate. Aluminum film is selected because of its small skin depth ͑6.5 nm at 458 nm illumination͒ and high reflectivity ͑0.92 at normal incidence͒. The thickness of aluminum film was chosen to be 150 nm, which is sufficiently thick to block the light other than that through the apertures. The apertures were made in a 2 ϫ 2 array pattern for the purpose of comparison as shown in the scanning electron microscopy ͑SEM͒ image in Fig. 1͑b͒ . The separations between these apertures are large enough ͑more than 1.2 m both in the x and y directions͒ so that the optical near-field interferences are negligible. The bowtie aperture has an outline of about 216ϫ 248 nm 2 and a tip radius of 45 nm. The minimum gap spacing between the two tips is 33 nm. To investigate the optical near field of these apertures, an illumination-collection-type NSOM system using cantilevered aperture probe as the optical near-field collector is developed and schematized in Fig. 2͑a͒ . FIB is used to make the aperture on the probe. This special aperture probe used for the following NSOM measurement has an opening of 45ϫ 45 nm 2 surrounded by aluminum as shown in Figs. 2͑b͒ and 2͑c͒. The overall size of the probe end is 257 ϫ 257 nm 2 as measured from the side of the probe. The aperture sample is illuminated by an argon ion laser beam ͑1.2 mW at 458 nm wavelength͒ from the quartz substrate side. The laser beam is focused on the aperture array and polarized in the y direction across the gap of the bowtie aperture. The transmitted light through the apertures is collected by the probe and directed into a photomultiplier tube ͑PMT͒ placed in the far field. A NSOM image is obtained by raster scanning the aperture sample and recording the optical signal from the PMT by photon counting. The soft contact between the probe and sample surface is achieved by maintaining a small and constant normal force based on the feedback of diode laser beam deflected on the cantilever. It should be noted that sub-100-nm optical resolutions can be routinely achieved using our NSOM system and the cantilevered NSOM probes are more durable and easier to handle than commercial tapered fiber probes.
The 2 ϫ 2 aperture array as displayed in Fig. 1͑b͒ is scanned and the raw data of a two-dimensional ͑2D͒ NSOM image is shown in Fig. 3͑a͒ . Since the flat end of the probe is larger than all the apertures, it is not inside the apertures during the scanning. Therefore, the NSOM image can be considered as the in-plane electric field intensity profile 23 obtained at the constant height mode with zero distance away from the exit plane of the apertures. It can be seen that the collected intensity is dominated by the transmitted light through the apertures. The intensity profiles along the dotted lines indicated in Fig. 3͑a͒ are plotted in Figs. 3͑b͒ and 3͑c͒ .
The full width at half magnitude ͑FWHM͒ of the transmitted light spots are measured as 88ϫ 68 nm 2 , 118ϫ 186 nm 2 , and 284ϫ 88 nm 2 for the bowtie, square, and large rectangular apertures, respectively. The smallest aperture in the array is designed to produce a light spot comparable to that obtained by the bowtie aperture, but there is no measurable light signal coming out of it, indicating its expected low transmission. The light spot from the bowtie aperture is much smaller than the overall size of the bowtie aperture. Considering the symmetries of the bowtie aperture and the NSOM light spot, the near-field light through the bowtie aperture has to be localized in the central gap between the bowtie tips instead of coming out of the side arms, which demonstrates the nearfield collimation function of bowtie aperture. 18 Two small peaks are found in the line scan profile along the y direction ͓see line 3 in Fig. 3͑c͔͒ , but no such feature is found along the x direction. The separation between these two peaks is about 290 nm, larger than the size of the bowtie aperture, meaning they are located on the metal surface. This possibly indicates the excitation of the localized surface plasmon mode with short decay length.
Due to the finite size of aperture probe, the NSOM light spot essentially represents the convolution of the scanning probe transfer function with the actual transmitted light signal through the sample aperture. The characteristic size of 153110-2 E. X. Jin and X. Xu Appl. Phys. Lett. 88, 153110 ͑2006͒ the actual light spot FWHM act can be estimated by performing the deconvolution calculation to the first order approximation 24 as
where FWHM NSOM is the measured FWHM of the NSOM light spot and RES probe is the edge resolution of the probe, which is measured to be 59 nm ͑approximately the sum of the aperture size of 45 nm and twice the skin depth of aluminum of 6.5 nm at the 458 nm wavelength͒. Using Eq. ͑1͒, the actual light spot size from individual apertures can therefore be calculated from the measured NSOM spot size, which results in 65ϫ 34 nm 2 , 102ϫ 176 nm 2 , and 278 ϫ 65 nm 2 for the bowtie, square, and large rectangular apertures, respectively. The comparable square and rectangular apertures therefore have the deconvoluted light spots about seven times larger than that of the bowtie aperture. In addition, the peak PMT signals of the transmitted light through the square, rectangular and bowtie apertures, accounting for the finite size of the probe, are 72 000, 115 000, and 136 000 counts/ s, respectively. The incident laser counts over an area equal to the probe opening area are estimated to be about 130 000 counts/ s. The bowtie aperture therefore has a transmission efficiency about unity.
One can obtain a smaller output light spot from a regular aperture by reducing its size. However, the calculated transmission efficiency of a square aperture of 40ϫ 40 nm 2 is about 10 −5 , as expected from Bethe's small aperture theory. 9 The bowtie aperture, on the other hand, has the computed transmission efficiency near unity, which is consistent with the experimental result discussed above. Bowtie aperture is therefore able to achieve the optical transmission five orders of magnitude higher than that of the comparable 40 nm square aperture, while still providing a nanoscale near-field light spot. The light propagation through the bowtie aperture is computed using FDTD to illustrate the enhanced transmission brought by the bowtie structure. Figures 4͑a͒ and 4͑b͒ show the calculated electric field intensity distribution in the yz plane cut through the middle of the tips and in the xy plane across the exit plane of the bowtie aperture, respectively. It is seen that the bowtie tips induce enhanced fields at their vicinity, similar to what occurs in sharp metal tips used for the apertureless NSOM experiments.
2, 8 The fields in the entrance and exit planes are coupled through the propagating waveguide mode localized in the bowtie gap, resulting in enhanced transmission with a nanometer-sized near-field light spot. It is believed that the transmission in a bowtie aperture can be further improved by the resonant excitation of the coupled LSP modes of the two bowtie tips. 18, 20 This will require choosing a noble metal as the film material; optimizing the film thickness, the overall size of the aperture, the radius of the tips and the distance between the tips, and using high resolution nanofabrication tools to fabricate the desired aperture.
In summary, enhanced optical transmission at the nanometer scale through a bowtie aperture has been experimentally demonstrated by performing near-field measurements using an aperture NSOM system. The near-field light spot through the bowtie aperture has a FWHM size of 65 ϫ 34 nm 2 , which is seven times smaller than those obtained by the square and rectangular apertures of the same opening area. The light spot is localized in the gap between the tips showing the near-field collimation function of the bowtie aperture. The nanoscale light transmission enhancement of the bowtie aperture promises a convenient and highly efficient nanometric light source for near-field optical applications.
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